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ScienceDirectChloroplast retrograde signalling is ultimately dependent on the
function of the photosynthetic light reactions and not only
guides the acclimation of the photosynthetic apparatus to
changing environmental and metabolic cues, but has a much
wider influence on the growth and development of plants. New
information generated during the past few years about
regulation of photosynthetic light reactions and identification of
the underlying regulatory proteins has paved the way towards
better understanding of the signalling molecules produced in
chloroplasts upon changes in the environment. Likewise, the
availability of various mutants lacking regulatory functions has
made it possible to address the role of excitation energy
distribution and electron flow in the thylakoid membrane in
inducing the retrograde signals from chloroplasts to the
nucleus. Such signalling molecules also induce and interact
with hormonal signalling cascades to provide comprehensive
information from chloroplasts to the nucleus.
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Introduction
Chloroplasts are sensitised to environmental changes,
allowing them to protect the photosynthetic apparatus
and maximise photosynthetic efficiency despite fluctua-
tions in light, temperature and other potential stress
factors. By extension, changes in photosynthetic ma-
chinery encode information about changes in prevailing
environmental conditions. This makes the illuminated
chloroplast an ideal signalling hub for regulating
changes in nuclear gene expression (NGE) that are
required for acclimation to the new environment. The
importance of functional chloroplasts in retrograde sig-
nalling is well established, but the network of signalling
components and mechanisms remains unestablishedCurrent Opinion in Plant Biology 2015, 27:180–191 and widely debated. There are many different concepts
that are currently considered to be the major components.
Some examples include the plastoquinone (PQ) pool redox
state as one of the oldest signalling models [1–3], which also
has novel interpretations [4], as well as energy [5], metabo-
lite [6] and sugar signalling [7], chlorophyll and carotenoid
metabolism [8,9,10,11,12], reactive oxygen [13,14], and
others. Specific retrograde signalling pathways from chlor-
oplasts to the nucleus have likewise been assigned under
various environmental stress conditions (for example
[15,16]), and integrated plastid signalling networks have
been postulated [17,18].
We will not review these many processes and pathways,
but instead we focus on the central role of photosynthetic
light reactions in the instigation of chloroplast retrograde
signalling networks in plants through environment- or
metabolism-induced shifts in energy balance within the
photosynthetic electron transfer chain (PETC). The en-
ergetic state of PETC reflects either the functional bal-
ance between photosystem II (PSII) and photosystem I
(PSI), or the balance between the photosynthetic light
reactions, which convert light to chemical energy, and the
energy consumed by metabolism. Signalling based on
sensing the energetic state of PETC provides a perfect
mechanism to control growth, development and stress
responses according to the energetic state of photosyn-
thetic metabolism. The photosynthetic light reactions
are, however, strictly and dynamically regulated to mini-
mise the changes in PETC balance upon changes in the
light environment. Herein lies a paradox; signalling is
based on unbalanced PETC, but balance is actively
maintained in the midst of fluctuating environmental
factors. It is not well understood how the regulation of
photosynthetic light reactions interacts with the signal-
ling cascades initiated from the chloroplast or what is the
impact of regulation of the photosynthetic machinery for
the signalling.
Current progress in understanding the regulation, assem-
bly and damage of the photosystems has paved the way to
studying the effects of specific disturbances in photosyn-
thetic light reactions on the induction of retrograde sig-
nalling from chloroplasts to the nucleus. Perturbance in
the photosynthetic apparatus as a response to environ-
mental changes can be traced from the thylakoid-embed-
ded electron transfer chain, to modifications in the
metabolic status of the chloroplast stroma and even of
the cytosol, and it is likely the interactions of various
signals eventually relay the information to the nucleus forwww.sciencedirect.com
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review will focus on recent progress towards defining
signals that are emitted from the photosynthetic apparatus
during environmental fluctuations, and how regulation of
photosynthetic energy distribution and electron transfer
mechanisms impact retrograde signalling pathways.
Failure to maintain redox balance in the
photosynthetic electron transfer chain results
in retrograde signalling
The fluency of electron flow in the PETC is defined by
the redox state of the electron carriers, namely PQ,
plastocyanin (PC) and redox components on the stromal
side of PSI. Light-induced development of trans-thyla-
koid proton gradient (DpH) is crucially important for
balanced function of the PETC and is highly dependent
on the proton gradient regulation (PGR5) protein [19].
Thylakoid DpH controls the rate of electron flow via the
Cyt b6f complex [19,20] and induces dissipation of excess
excitation energy as heat (NPQ) via the PSBS protein [21]
(for review of integrated regulation, see [22]). Changes in
environmental conditions transiently alter the redox bal-
ance in the PETC with consequences on the activation,
inhibition and deactivation of the thylakoid protein kinases
STN7 and STN8, and possibly also the respective phos-
phatases TAP38/PPH1 and PBCP, in order to rapidly re-
establish the redox balance of PETC [23,24]. In general,
the DpH-dependent mechanisms maintain the balance
between light reactions and energy-using stromal metabo-
lism, while thylakoid protein phosphorylation maintains
balance between PSII and PSI. However, recent evidence
shows that phosphorylation-based increase in PSI excita-
tion can function in thermal dissipation of excess energy
[25], demonstrating that phosphorylation also plays a part
in maintaining the balance between the light reactions and
metabolic reactions [23,24,25].
The biophysical and biochemical mechanisms that regu-
late photosynthetic energy transduction do not buffer all
modifications in the energy state of the PETC. As a result,
changing energy states cause a number of effects, such as
the production of reactive oxygen species (ROS) and
electrophilic by-products of oxidation of organic molecules,
known as reactive electrophile species (RES) (discussed
below), as well as inhibition of PSII activity through damage
to the D1 reaction centre protein (for reviews, see [26,27]).
PSI is also susceptible to photoinhibition in over-reducing
conditions through damage to the iron-sulphur clusters in
the PSI core (reviewed in [28]). Photoinhibition of PSI is a
relatively irreversible phenomenon induced by ROS pro-
duction, and recent evidence suggests that the more fre-
quently-occurring and rapidly-repaired photoinhibition of
PSII actually functions as a protection mechanism against
PSI photoinhibition [29]. Products resulting from the failure
to effectively maintain PETC balance, including ROS,
RES and their targets of ‘photodamage,’ are recognised
as signal components by which the chloroplast can transmitwww.sciencedirect.com information about environmental stress conditions to the
wider cell and induce long term acclimation responses
through regulation of NGE [11,14,30,31]. These mes-
sages are likely integrated with other information derived
from the levels of photo-assimilated carbon, the abun-
dance of metabolic cofactors and hormones, and from
ROS and RES produced in other organelles, to send a
cohesive and detailed message to the nucleus. The
progressive redefinition of ‘chloroplast retrograde signal-
ling’ as the cell’s reaction to specific combinations of
metabolites and stress-related side products, via reactions
initiated by photosynthesis, is a concept that is gaining
popularity in plant research [32,33,34,35,36]. It is reason-
able to assume that this type of complex signal from the
chloroplast provides a feed of information regarding the
current cellular status that is not limited to stressful con-
ditions, but operates continuously. This is pertinent be-
cause plants must constantly assess their allocation of
resources between growth and defence strategies, and
adjust to changing situations by altering NGE (Figure 1).
The importance of energy distribution to PSI and PSII as
a component of chloroplast signalling has been shown
through analyses of changes in NGE when energy bal-
ance is disrupted through artificial light conditions (‘State
I’ and ‘State II’ light: [37–39]) or chemicals that block
electron flow (DCMU, DBMIB: for example, [40]). Un-
der natural conditions, PETC energy balance is con-
trolled by cooperation of numerous regulatory
mechanisms that intersect and impact each other in ways
that are slowly becoming understood. The ‘state of the
art’ understanding of the regulation of photosynthetic
electron transfer upon changes in environmental condi-
tions is currently undergoing major revision, and this
impacts our understanding of PETC balance in NGE
signalling. For example, adjustments to the harvesting
and distribution of light energy to the two photosystems,
with concomitant changes in organisation of thylakoid
protein complexes, is now known to maintain the excita-
tion balance between PSII and PSI upon changes in light
intensity. The mechanism is required to keep functional
balance between PSII and PSI in low light conditions
(reviewed in [22]), but under certain stress conditions it
can also enhance excitation energy transfer to PSI where
it can be safely dissipated [23,24,25]. Another example
is the management of lumen acidification and the trans-
thylakoid DpH, which modulates NPQ via thermal dissi-
pation of absorbed energy from the light-harvesting anten-
nae [41]. NPQ is required, but not sufficient, to maintain
optimal oxidation of the PQ pool upon rapid increase in
light intensity, and the role of DpH-dependent control of
Cyt b6f in optimising the oxidation state of PSI electron
donors is increasingly appreciated [42] (Tikkanen et al., in
revision).
PSII is not the only reducer of the PETC, and PSI not the
only oxidiser, as cyclic and light-independent reductionCurrent Opinion in Plant Biology 2015, 27:180–191
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Redox homeostasis in the PETC is a balance between energy harvested and energy consumed.
Light harvested by LHCII pushes excitation energy towards PSII reaction centres (shown as yellow arrows) and electrons (shown as red arrows)
from water into the PETC and on to the stroma, where they are used in metabolic reactions. During changing environmental conditions, shifts in
light intensity and/or metabolic rates disturb the balance between harvested energy and consumed energy, which creates resistance to the fluent
flow of energy through the PETC (shown as blue arrows). The products of PETC imbalance (shown in magenta) transmit signals that can regulate
nuclear gene expression. Transfer of electrons to molecular oxygen from PQ pool or after PSI can form H2O2 via the activities of PTOX and SOD
enzymes, respectively. Disturbed fluency of energy flow between chlorophyll pigments in PSII, and possibly in the light-harvesting complexes,
leads to formation of 1O2 that reacts to form reactive electrophile species (RES) including oxylipins, lipid fragments and carotenoid degradation
products. The signalling activity of non-enzymatically-derived RES produced by 1O2 can interact with the signalling of enzymatic RES, such as
oxylipin hormones. RES and H2O2 can transmit signals through inactivation of chloroplast enzymes. The redox state of scavenging enzymes in the
chloroplast, which neutralises both RES and H2O2, can also be a chloroplast signalling mechanism.
Signals are initiated by a transient imbalance in PETC and proper response requires a rapid rebalancing of the PETC. Several mechanisms that
regulate PETC redox homeostasis are important for timely chloroplast signalling; reversible LHCII and PSII core protein phosphorylation, by STN7
and STN8 kinases, respectively, distributes excitation energy between PSII and PSI and enables sufficient reduction of the PETC under low light
intensity and oxidation under high light. Thermal quenching of excitation energy (NPQ) through the PSBS protein down-regulates the capacity of
both PSII and PSI. Protonation of the thylakoid lumen mediated by the PRG5 protein creates a thylakoid DpH that slows the movement of
electrons past cytochrome b6f complex to avoid saturation of stromal electron acceptors.and oxidation of the PETC exist. The thylakoid NDH-
like complex [43] can reduce PETC using electrons from
ferredoxin (Fd) reduced by PSI [44], in a reaction called
cyclic PSI electron transfer. An additional mechanism
that directly feeds electrons from PSI back to PQ without
the involvement of the NDH-like complex has also been
proposed, and the PGR5 and PGRL1 proteins are linked
to this pathway [19,45], although the exact molecular
nature of the pathway remains elusive. Plastid terminal
oxidase (PTOX) can oxidise the PETC by donating
electrons to oxygen in a process called chlororespiration
[46,47]. Although its physiological role in illumination is
under debate, PTOX is both a potent producer and a
scavenger of ROS, depending on the energy state of the
PETC and the capacity of the downstream scavenger
enzymes [48], and is therefore likely to have some influ-
ence on signalling initiated from PETC. Likewise, so-
called ‘pseudocyclic’ electron transfer diverts electrons
from PSI away from stromal metabolism, instead reducingCurrent Opinion in Plant Biology 2015, 27:180–191 molecular oxygen and eventually forming hydrogen per-
oxide (H2O2) [49], which is a potent signalling molecule
(discussed below).
Using PETC regulation mutants to pinpoint
the signalling mechanisms
The fast and dynamic regulation of photosynthetic light
reactions for rapid rebalancing of the PETC redox state
upon changes in the environment makes it difficult to
investigate the initiation of PETC signalling. The avail-
ability of mutants impaired in different regulatory mech-
anisms has opened new possibilities to explore the origin
of signals. A mutant missing a particular mechanism for
response to a certain change in light environment is
considered to be locked in a ‘state’ that is only transient
in a WT plant. This is assumed to lead to an amplified and
prolonged initiation of the signal that, in WT, rapidly
disappears after the corrective acclimation mechanism.
Based on this concept, investigations of photosynthesiswww.sciencedirect.com
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the impact of distinct photosynthetic regulation mecha-
nisms on chloroplast signalling and NGE. LHCII phos-
phorylation by the STN7 kinase was among the first
targets for such experiments. Ten years ago such experi-
ments with the stn7 Arabidopsis mutant had already
revealed a clear link between excitation balance between
PSII and PSI and the expression of a number of general
stress-inducible nuclear genes [50]. Since then, further
study of stn7 has provided evidence about PETC redox-
dependent retrograde signals that regulate the expression
of a large number of genes involved in stress response,
metabolism and gene expression [35,39,51]. Meta-anal-
ysis of several NGE studies recently identified several
hundred misregulated genes common to plants lacking
the STN7 kinase and to other mutants with severe PETC








Chloroplast signalling in PETC regulation mutants.Arrow size indicates enha
The stn7 kinase mutant lacks LHCII phosphorylation, which increases the si
reaction centres at low light in the absence of DpH-dependant regulation, d
the production of 1O2. Chlorophyll metabolism in stn7 is also impaired, whic
increase in PSI-LHCI content in stn7 compensates for increased PSII excita
when DpH regulation of electron flow through cytochrome b6f complex is re
phosphorylation is important for proper signalling via oxylipin hormone netw
regulate the flow of electrons through cytochrome b6f, which overwhelms e
also has strong phosphorylation of both the PSII core and LHCII proteins, w
damages the iron-sulphur clusters in PSI, inactivating PSI and alleviating th
networks in pgr5 may be linked to down-regulation of PSI activity, or to the
www.sciencedirect.com is responsible for retrograde signalling, rather than any
specific function of STN7 distinct from LHCII phos-
phorylation (Figure 2).
In order to explore how the excitation balance provided
by the STN7 kinase is involved in the initiation of the
signal, an understanding of changes in PETC energy state
in the stn7 mutant is required. Normal distribution of
energy to PSI is impaired in the stn7 mutant, causing
increase in the light-harvesting capacity of PSII as com-
pared to WT. To compensate for this situation, stn7
increases the amount of PSI [42,50] to ensure that
stromal electron acceptors can be reduced, especially
upon increases in light intensity when the large PSII
antennae are quenched by NPQ. NPQ predominantly
affects PSII in stn7; therefore induction of NPQ leads to
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nced/slower energy or electron flux in the mutant compared to WT.(A)
ze of the PSII-associated antennae. This causes over-excitation of PSII
isrupting the connectivity between excited chlorophylls and leading to
h may create 1O2 through unregulated photosensitive chlorophyll. An
tion, but also causes rapid reduction of stromal electron acceptors
laxed. Studies of gene expression in stn7 suggest that LHCII
orks. (B) The pgr5 mutant primarily lacks the capacity to down-
lectron acceptors on the stromal side of PSI. As a side-effect, pgr5
hich enhances PSI excitation. Overproduction of H2O2 in pgr5
e pressure on the stroma. Upregulation of salicylic acid signalling
 over-abundance of reducing power in the stroma.
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energy transferred to PSII [42,53].
In our recent study, misregulated gene expression in the
absence of the STN7 kinase, and thus under conditions of
imbalanced PETC energy distribution, were connected
to oxylipin hormone signalling [35]. Nuclear genes
involved in jasmonic acid (JA) synthesis and JA signalling
were upregulated in the stn7 mutant compared to WT
plants under moderate light conditions, while JA-respon-
sive genes were not upregulated to WT levels in stn7
under high light stress. Gene expression profiles in the
tap38/pph1 mutant, which lacks LHCII dephosphoryla-
tion, and npq4 mutant lacking NPQ, were not significantly
different from the wild type under any light regime [35].
These results reiterate the concept that failure to regulate
the distribution of excitation energy between the two
photosystems by LHCII phosphorylation (stn7) induces a
prominent imbalance in PETC and initiates light-respon-
sive signalling mechanisms. This highlights the impor-
tance of phosphorylation-dependent transfer of energy
from LHCII-PSII to PSI [23], which promotes an oxi-
dised PETC and minimises the formation of PSII-de-
rived reactive molecules (discussed below). We speculate
that chloroplast signalling by PETC energy imbalance
initiates oxylipin production in the chloroplast. LHCII
phosphorylation appears to be especially important in
chloroplast signalling under conditions that do not induce
pH-dependent regulation mechanisms; however, the
strongly perturbed NGE profile of the pgr5 mutant under
‘non-stress’ light shows that DpH-mediated control of
photosynthetic electron transfer has a major role in sig-
nalling regardless of the light intensity and redox condi-
tions (Gollan et al., manuscript in preparation).
Light is vital for genetically-programmed
response to environmental challenges
Photosynthetic activity at low temperature or in drought
disrupts the PETC balance through down-regulation of
stromal metabolism (cold; reviewed in [54]) or decreased
CO2 availability (drought; reviewed in [55]). Such imbal-
ance between the respective reduced states of the PQ
pool and the stroma is analogous to that caused by high
light stress. Acclimation to low temperature and drought
requires adjustment of photosynthetic activity and sys-
temic reprogramming of metabolism [30,55,56,57,58],
suggesting that chloroplast signalling of NGE is integral
in the initial response to abiotic stress. The importance of
light (i.e., the PETC) for NGE in response to cold was
shown by Soitamo et al. [31] through comparison of the
gene expression profiles of Arabidopsis plants exposed to
low temperature in darkness and in light. In that study,
the expression of certain nuclear genes was found to
require a combination of both low temperature and light,
which was also vital for maximising the expression of a set
of prominent cold-responsive genes that facilitate cold
acclimation [31]. Many of the genes requiring functionalCurrent Opinion in Plant Biology 2015, 27:180–191 PETC for full induction were involved in abscisic acid
(ABA) biosynthesis and signalling [31], indicating that the
PETC is needed for signalling hormone-induced temper-
ature acclimation in Arabidopsis. Analyses performed in
Lupinus albus showed that the initial drought response
signalling occurs in the leaves, via the interaction be-
tween phytohormone balance and carbohydrate metabo-
lism [59], again illustrating a relationship between
photosynthetic activity and hormone signalling.
Biotic stress causes down-regulation of photosynthesis-
related transcripts and proteins [60] and decreases pho-
tosynthetic efficiency, carbohydrate metabolism and sug-
ar transport [61]. The resulting major disruption in PETC
balance is thought to propagate the chloroplast signals
required for biotic stress response, which includes pro-
grammed cell death (PCD) at infected sites (for review,
see [62]). However, early photosynthetic signals in biotic
stress response can also derive from the disruption of the
PETC energy balance due to low CO2 diffusion, resulting
from stomatal closure in response to attack [63]. PETC
imbalance upregulates JA synthesis, which subsequently
signals the down-regulation of photosynthetic proteins
[64,65]. The connection between PETC function and
phytohormone signalling is also evident in results from
our lab, which have shown over-accumulation of JA and
other oxylipin hormones, and abnormal oxylipin-respon-
sive gene expression, in stn7 and stn7stn8 mutants lacking
phosphorylation of LHCII and PSII [35], (E-M Aro,
unpublished data). We have also found that regulation of
photosynthetic energy balance by trans-thylakoid DpH is
especially necessary for the control of salicylic acid (SA)
production and signalling (Gollan et al., manuscript in
preparation). SA production is a prominent factor in the
instigation of PCD during infection, and our ongoing
investigations strengthen the connection between PETC
redox state and hormone-induced control of cell fate.
Chloroplastic Ca2+ signalling is also closely linked to
photosynthetic activity and pathogen response. In re-
sponse to cytosolic Ca2+ signals originating at the apo-
plast, Ca2+ in the chloroplast is released from membranes
into the chloroplast stroma, and these stromal Ca2+ bursts
induce photoinhibition (reviewed in [66]). Apoplastic
signalling can also down-regulate NPQ [67,68], which
is thought to upregulate the production of ROS and
instigate chloroplast stress signalling response (reviewed
in [69]). The chloroplast-localised Ca2+ signalling protein
(CAS) is central to perception and transmission of Ca2+
signals linked to plant immunity [67,70,71]. CAS is a
thylakoid-anchored Ca2+-binding protein that is phos-
phorylated in a light- and Ca2+-dependent manner
[69,72] by the STN8 kinase, which also phosphorylates
PSII proteins as part of the PSII photoinhibition-repair
cycle [73]. A working model for CAS-mediated Ca2+
signalling may involve manipulation of PETC redox
balance to generate signalling for defence or acclimation.www.sciencedirect.com
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Singlet oxygen
When light energy absorbed by chl is not fluently dissi-
pated, excited chls form the triplet state (3chl) that can be
quenched by nearby molecules. In PSII, the closest
quenchers of 3chl are oxygen molecules, which are con-
verted from their stable triplet state (3O2) to the energised
singlet state (1O2). In turn,
1O2 reacts with other mole-
cules in the vicinity of the PSII reaction centre, including
membrane proteins, especially D1 that binds P680, car-
otenoids and lipids. 1O2 production by PSII is not limited
to conditions of high light stress, but happens under any
conditions capable of forming 3chl (reviewed in [74]). Any
distortion in the connectivity of energy transfer compo-
nents, either inside one pigment-protein complex or
between the complexes, is likely to increase chlorophyll
excitation lifetime and lead to 1O2 production [35
].
Considering the frequency in turnover of D1 and PSII-
localised chlorophylls and carotenoids [26,75] and the
high abundance of lipid and carotenoid oxidation pro-
ducts [11,76], 1O2 is apparently produced constantly by
illuminated PSII. More specifically, fluctuations in the
quantity and duration of 1O2 production can reflect
changes in the redox balance of the PETC resulting from
even minor changes in light quality or quantity, temper-
ature or carbon assimilation.
The formation of 1O2 in the light-harvesting antennae of
PSII (LHCII) is largely avoided because 3chls are
quenched by closely-situated xanthophyll-type carote-
noids that dissipate the energy as heat. However, a small
proportion of 3chl in LHCII may be unquenched by
xanthophylls [77] and available to react with oxygen,
especially under high light stress conditions that exceed
the capacity for thermal dissipation (reviewed in [75,78]).
Recent work shows that 3chl formed in the PSI antennae
is also quenched via thermal dissipation by xanthophylls
[79,80], although this phenomenon has received little
attention.
The impact of chloroplast 1O2 in regulating NGE has
been studied using the ‘conditional fluorescence’ ( flu) and
‘chlorina1’ (ch1) Arabidopsis mutants. In flu, the chloro-
phyll precursor protochlorophylide (Pchlide) over-accu-
mulates in the chloroplast during the dark period and
photo-reacts upon illumination to generate a burst of 1O2
proportional to the dark period [14,81]. The ch1 mutant
lacks chl b and functional LHCII antennae, and harvests
light using the internal antennae of the PSII core [82].
Over-production of 1O2 in ch1 has been attributed to a
lack of thermal dissipation for PSII protection [83,84]
due to the absence of most chl b-binding proteins, which
is indeed likely to cause major disruptions to fluent
energy transfer in chl1. In both flu and ch1, accumulation
of large amounts of 1O2 in the chloroplast caused rapid
and similar changes in transcription profiles, occurring
concomitantly with chloroplast rupture and cell death. Onwww.sciencedirect.com the other hand, moderate 1O2 levels led to distinct gene
expression responses, inducing slower ‘genetically pro-
grammed’ cell death in flu, and resistance to high light
stress in ch1. Differences between 1O2 responses in the
two mutants are attributed to differing sites of 1O2 pro-
duction (plastid envelope Pchlide in flu, PSII reaction
centre in ch1) and therefore oxidation of different local
quenching molecules. Nonetheless, overlap of the 1O2
signalling profiles of the two mutants suggests the exis-
tence of a general 1O2 chloroplast signal that can be
extended to wild type plants. Indeed, PCD or tolerance
to biotic and abiotic stresses have also been induced in
WT Arabidopsis through different levels of chloroplastic
1O2 production (reviewed in [74,85]).
Saturation of the PETC and the subsequent inhibition of
fluent energy transfer from PSII are central to the gener-
ation of 1O2 in the PSII reaction centre. Therefore,
mechanisms that regulate PETC energy distribution also
influence 1O2 signalling, and are likely to affect the
instigation of acclimation or cell death responses. In
our studies we have found that many PETC redox
regulation mutants, including stn7, tap38/pph1, stn8 and
pgr5, are susceptible to growth inhibition under fluctuat-
ing light conditions, where WT plants show resistance. In
some cases this may be attributed to a lack of control over
gene expression involved in 1O2-induced acclimation and
PCD in changing light conditions.
Although the PETC redox state can be directly linked to
1O2 production from the PSII reaction centre, the possi-
bility that it can also cause 1O2 formation at other sites
cannot be dismissed. For example, PETC redox balance
appears to influence chl synthesis and turnover. The ratio
of chl a to chl b in stn7 is lower than in WT despite the
higher amount of PSI-associated chl a [50]. Lower chl a/b
ratios were found in all LHCII-containing protein com-
plexes in stn7 [42], indicating an abnormally high rate of
conversion of chl a to chl b and suggesting the possible
occurrence of unquenched, photosensitive chl in stn7 that
can react with oxygen. In contrast to stn7, the tap38/pph1
phosphatase mutant has normal amounts of chl a/b bind-
ing protein complexes and increased chl a/b ratio [23].
These observations link chl metabolism and the capacity
to tune chl a/b stoichiometry to the redox state of the
PETC, or to LHCII phosphorylation directly. The dis-
turbed chl stoichiometry in the ch1 mutant described
above may also lead to accumulation of photosensitive,
1O2-producing chl not associated with the photosystems.
From 1O2 to signalling through oxidative ‘damage’
Due to its high reactivity and short lifetime, 1O2 does not
travel very far. Rather, the catabolic reactions between
1O2 and nearby molecules produce signalling factors that
transmit 1O2 signals from the chloroplast. Oxylipins are a
prominent signalling factor produced in the chloroplast,
and the reaction between 1O2 and chloroplast lipids is aCurrent Opinion in Plant Biology 2015, 27:180–191
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[76]. A range of acyclic and cyclic oxylipins, as well as
short-chain aldehyde and carboxylic acid lipid fragments,
are tightly linked to upregulation of biotic and abiotic
stress-responsive NGE (reviewed in [86,87]).
The signalling properties of oxidised derivatives of b-
carotene, the major 1O2 quencher in PSII reaction centre
complex, have been highlighted recently (reviewed [88]).
An increase in b-carotene breakdown products was shown
to correlate with upregulation of a set of ‘1O2-responsive’
genes in Arabidopsis plants stressed with high light/low
temperature. These genes were also induced in non-
stressed plants treated with b-cyclocitrol and dihydroac-
tinidiolide, but not in those treated with b-ionone
[11,89,90], demonstrating the signalling specificity of
different carotenoid catabolites.
The production of RES in the chloroplast through non-
enzymatic oxidation of carotenoids and lipids is an im-
portant part of signal transduction and NGE (see below);
however it is also likely that enzymatic and non-enzy-
matic RES may have complimentary or cooperative sig-
nalling roles. The cyclic oxylipins phytoprostane A1
(PPA1) and 12-oxo-phytodienoic acid (OPDA), derived
non-enzymatically and enzymatically, respectively, share
similar structure and chemistry, and show considerable
overlap in target gene upregulation and signalling mech-
anisms [91,92]. In this case, non-enzymatic production of
PPA1 may contribute to the observed upregulation of
OPDA-responsive NGE seen in high light stress [93].
OPDA is also the precursor for jasmonic acid (JA) synthe-
sis, and the distinct signalling activities of OPDA and JA
are likely to be antagonistic in genetically programmed
acclimation and PCD outcomes [85,91,94]. Therefore,
1O2-induced lipid oxidation may supplement enzymatic
oxylipin signalling under stressful conditions. In the stn7
mutant, upregulated expression of genes encoding lipid
oxidation and OPDA synthesis enzymes in growth light,
and down-regulation of the same under high light stress
[35], correlate with abnormal levels of OPDA and
phytoprostanes (Gollan et al., manuscript in preparation),
suggesting a balance between enzymatic and non-enzy-
matic oxylipin production that is affected by regulation of
light-harvesting. Down-regulation of carotenoid cleavage
dioxygenase (CCD) gene expression during photosyn-
thetic stress conditions [11] also suggests cooperation
between enzymatic and non-enzymatic RES signalling
pathways.
The signalling functions of some chloroplast RES derives
from their capacity to react with nucleophilic moieties,
often the free thiol groups of cysteine residues, thereby
altering the function of target molecules. The deleterious
effects of irreversible RES modification of photosynthetic
proteins lead to inhibition of PSII activity that, in the
light, results in further production of ROS and RESCurrent Opinion in Plant Biology 2015, 27:180–191 [95,96]. This is an important component of the hypersen-
sitive response to pathogen attack, but can also operate
under abiotic stress [97–99]. Modification of redox-active
transcription factors such as the TGA-binding leucine
zipper is another likely mechanism for transmission of
chloroplast RES signals [92]. Reversible conjugation of
RES to the thiol groups of reduced glutathione (GSH) is
part of RES detoxification, and can also contribute to
NGE signalling through the impact on redox poise of the
cell (discussed below).
Superoxide and hydrogen peroxide
Electrons from the PETC can reduce molecular oxygen
to form superoxide radicals (O2
) [100]. The majority of
chloroplastic O2
 is produced at the reducing side of PSI
when stromal electron acceptors are unavailable
(reviewed in [101]). This situation represents imbalance
between the redox states of the PETC and the stroma,
which is especially characteristic of low CO2 availability,
but also occurs in high light and low temperature stresses.
O2
 is further reduced by superoxide dismutase (SOD)
to form hydrogen peroxide (H2O2), a relatively long-
living ROS that readily oxidises thiol groups and can
thereby modify protein structure and activity. The dele-
terious effect of chloroplast H2O2 is primarily associated
with the inhibition of enzymatic processes such as carbon
fixation [101,102]; however iron (Fe2+) can catalyse the
conversion of H2O2 to the highly reactive hydroxyl radical
(HO) [103], which is a competent producer of RES,
albeit with a minor effect in comparison to 1O2 [76].
Chloroplast H2O2 is neutralised by an efficient network
of antioxidant enzymes, which are rejuvenated by re-
duced ascorbate, GSH, Fd and NAD(P)H (reviewed in
[49,104]).
H2O2 is a strong inducer of NGE, upregulating the
expression of a characteristic set of genes that encode
antioxidants, chaperones, and WRKY and heat shock
transcription factors [4,105,106]. A relatively small pro-
portion of chloroplast H2O2 may cross the plastid enve-
lope and directly propagate a cytosolic signal to the
nucleus [107,108]. However, the signalling capacity of
chloroplast H2O2 most likely derives from its oxidation of
thiol moieties in the chloroplast, particularly those of
several peroxidase and peroxiredoxin enzymes. Ascorbate
peroxidases (APX), which are specific for H2O2, provide a
rapid detoxification pathway and are quickly re-reduced
by ascorbate, which in turn takes electrons from GSH.
Peroxiredoxins (PRX) and glutathione peroxidases
(GPX) have broad substrate specificity that include
RES, and lower affinity for H2O2 detoxification, and they
are rejuvenated more slowly by thioredoxin (Trx;
reviewed in [104,109]). The sensitivity of the multi-
component chloroplast antioxidant system to a range of
ROS and RES is considered a likely mechanism for
integration of multiple chloroplast retrograde signals
(see below).www.sciencedirect.com
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roplast H2O2 signal; however the level of gene expression
appears to be insensitive to the amplitude of the signal.
Increased H2O2 scavenging in plants with upregulated
thylakoid APX did not affect gene expression under
normal or stressful conditions [110]. Meanwhile PETC
regulation mechanisms including NPQ do not mitigate
the strong induction of H2O2-responsive genes in plants
under high light stress. We have found the expression of
H2O2-induced genes to be virtually identical in WT,
npq4, stn7 and tap38 plants in high light conditions
[35]. On the other hand, many H2O2-responsive genes
are abnormally upregulated in the absence of the proton
gradient regulation protein PGR5 (E-M Aro, unpublished
data), which highlights the importance of DpH-depen-
dent control of PETC energy balance [20] (Tikkanen
et al. under review) in H2O2-mediated NGE.
Interplay between chloroplast signalling systems
Over-reduction of the PETC instigates both H2O2 and
1O2 production in the chloroplast simultaneously. Fur-
thermore, production of O2
- at PSI can relieve PSII when
the PETC is saturated, and thereby down-regulate 1O2
production, while PSII photoinhibition protects PSI from
damage [29]. It is therefore tempting to speculate that the
H2O2 and
1O2 signals interact at some point to form a
cohesive message that represents the overall balance of
the PETC. If this is true, one likely site of convergence is
in the chloroplast antioxidant network, which is active
against both H2O2 and RES. The redox states of unique
redox scavengers with niche operating conditions may
hold information about the abundance, and the source, of
chloroplast ROS and RES, and simultaneously, with the
status of light and CO2 availability. Saturation of the
chloroplast detoxification network leading to thiol modi-
fication of other chloroplast proteins can disrupt enzyme
activity and lead to higher amounts of ROS/RES signals.
Redox-active signalling is also initiated at the reducing
side of PSI under ‘non-stressful’ light conditions [110]
that induce shifts in the balance between light reactions
and stromal metabolism. In both stress and non-stress
conditions, transmission of the chloroplast redox status to
the nucleus is likely to occur through redox activated
transcription factors [36], possibly engaging Trx enzymes.
The complexity of an interaction between H2O2 and
1O2
signalling was demonstrated through over-expression of
the tAPX scavenger in the flu mutant, which actually
intensified 1O2-induced gene expression and exacerbated
the cell death phenotype of flu [111]. This study suggests
that H2O2 somehow moderates the
1O2 signal. Other
studies have shown that the overall metabolic state of
the chloroplast is an important regulator of 1O2 signalling
[38,112,113]. The general signalling activity of ROS is
thought to operate as a ‘priming signal’ for more specific
messages encoded in RES, peptides and hormones [114].
This concept is supported by NGE profiles of PETCwww.sciencedirect.com regulation mutants, which share rapid and strong induc-
tion of H2O2 signalling similar to WT and have unique
1O2- and hormone-derived signalling profiles [35
].
Concluding remarks
Regulation of light-harvesting efficiency (NPQ) and en-
ergy distribution (PGR5, STN7 and STN8 kinases, to-
gether with respective phosphatases) are considered to be
short-term buffering mechanisms that suppress the for-
mation of deleterious photosynthetic ‘side-products’ un-
der changing environmental conditions. Studies of NGE
in plants lacking such regulation mechanisms show that
unbalanced PETC energy distribution has a strong effect
on signalling, inferring that the PETC redox state is
balanced to prevent untimely or deleterious signalling,
as well as for inducing appropriate signalling when it is
required. Current analysis shows that PETC redox sig-
nalling operates through the production of 1O2 in the
chloroplast, which predominantly affects production of
oxylipins and ABA. However, the impact of controlled
PETC redox state on other signalling molecules is ongo-
ing in our labs. Further work is also required to determine
the sites and mechanisms of 1O2 production in WT
chloroplasts.
The studies described here highlight the position of the
PETC at the core of chloroplast signalling. Many of the
leading candidates of retrograde signalling pathways,
including PQ reduction, sugar and metabolite abundance,
as well as pigment biosynthesis and degradation products,
can be traced back to the PETC energy balance/imbal-
ance and consequent initiation of the chloroplast retro-
grade signalling cascade.
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